Arsenic (As) exposure from rice consumption has now become a global health issue.
INTRODUCTION
Arsenic (As) is ubiquitous in the environment and classed as a chronic carcinogen to humans (Shi et al., 2014; Wu et al., 2015) . 1, 2 Arsenic exposure from water and diet has now become a global health issue (Berg et al., 2001; Zhu et al., 2008; Seyfferth et al., 2014) . [3] [4] [5] Over the past decades, due to anthropogenic activities such as mining, smelting and irrigation of As-contaminated groundwater, large areas of paddy soils have become contaminated with As (Liao et al., 2005; Huang et al., 2006; Shi et al., 2014) . 1, 6, 7 Furthermore, among cereal crops, rice is much more efficient at accumulating As due to its requirement for waterlogged conditions which enhance As mobility (Su et al., 2010; Somenahally et al., 2011 : Jia et al., 2014 ). [8] [9] [10] Rice is a staple food for half the world's population (Stone et 11, 16, 17 The As species present in soils and rice plants are mainly inorganic As [arsenite (AsIII) and arsenate (AsV)] and organic As [monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)], with inorganic As being the predominant species Zheng et al., 2013; Wu et al., 2015) . 2, 18, 19 Studies have demonstrated that oxic conditions in soils play an important role in As uptake and speciation in rice plants (Xu et al., 2008; Somenahally et al., 2011) . 9, 20, 21 In aerobic conditions, Arsenate [As(V)] predominates, with low bioavailability, due to it being strongly adsorbed by Fe and Al (hydr)oxides (Xu et al., 2008; Yamaguchi et al., 2014; ) . 18, 20, 22 When a soil is flooded, large concentrations of As, mainly as arsenite [As(III)], are released into the soil solution due to reductive dissolution of Fe (hydr)oxides and the reduction of As(V) to weekly adsorbed As(III) (Takahashi et al., 2004; Xu et al., 2008; , 18, 20, 21, 23 thereby making As(III) the predominant As species in flooded paddy soils. Xu et al. 20 (2008) and Li et al. 21 (2009) observed that growing rice aerobically significantly reduced total As concentrations in the soil solution, whilst also markedly reducing total As and iAs concentrations in rice grain compared to those grown in flooded conditions. A field-scale experiment by Somenahally et al. 9 (2011) revealed that intermittent flooding alleviated total As and iAs accumulation in rice grains compared to continuous flooding.
Rice, similar to most wetland plants, have developed extensive aerenchyma in their roots to adapt to flooded soil conditions (Colmer, 2003a,b) . 24, 25 The aerenchyma supply O2 which is required for root respiration, maintenance and nutrient uptake; however approximately 30-40% O2 is lost to the surrounding soil (Colmer, 2003a,b) , 24, 25 in a process called radial oxygen loss (ROL) (Wu et al., 2012) . 26 The rate of ROL varies greatly amongst genotypes and exerts a significant effect on rhizospheric chemical processes such as iron plaque formation on root surfaces (Wu et al., 2012 (Wu et al., , 2016 Mei et al., 2012; Jia et al., 2014) 10, [26] [27] [28] .
Genotypes with greater rates of ROL lead to increased concentrations of iron plaque formation on root surface of rice and as a result sequester As (Mei et al., 2012; Wu et al., 2012) . 26, 28 The rate of ROL significantly influences As bioavailability and As uptake by rice roots (Mei et al., 2012; Pan et al., 2014; Wu et al., 2015 Wu et al., , 2016 , 2, [27] [28] [29] with some studies indicating that total As and iAs concentrations in rice grains were negatively correlated with the rate of ROL (Wu et al., 2012 (Wu et al., , 2016 . 26, 27 Arsenic transfer into rice differs as a result of its speciation (Zheng et al., 2013; Zhao et al., , 2013 . 18, 19, 30 In flooded paddy soils, AsIII predominates as uncharged H3AsO3 at pH<8 Seyfferth and fendorf, 2012 32, 35, 36 . Subsequently, the efflux of AsIII from root cells to the stele is regulated by Lsi2 and this process is considered to be crucial for AsIII translocation into rice shoots 18 . In aerobic environments AsV is the predominant As species, and due to the oxygenation of rice roots following ROL, AsIII may be oxidized to AsV in the rhizosphere ( Xu et This study aimed to investigate the effect of oxidation status on arsenite and arsenate transporter expressions and to establish the effect oxidation status has on As uptake, translocation and speciation in rice plants.
MATERIALS AND METHODS

Materials.
Four rice genotypes were selected as follows: two hybrid subspecies Xiangfengyou 9 ('XFY-9'), Shenyou9586 ('SY-9586') and two indica subspecies arsenite (NaAsO2). The plants added to solutions containing no arsenic served as controls. Half the plants were aerated using an air pump for the entire growth period, while the other half were treated as stagnant as previously described.
Treatments were designated as Stagnant -As (stagnant with no As addition), Aeration -As (aerated with no As addition), Stagnant +AsⅤ (stagnant with arsenate addition), Aeration +AsⅤ (aerated with arsenate addition), Stagnant+AsⅢ (stagnant with arsenite addition) and Aeration +AsⅢ (aerated with arsenite addition). There were three replicates for each treatment, with four plants for each replicate (vessels).
The nutrient solution was renewed every 2 days to stabilize arsenite within the solution during this period (Ma et al., 2008) 32 . Vessels were randomly arranged in the greenhouse and plants were grown for 10 days.
Plant Analysis for Total As. Plants were harvested after 10 days and washed carefully using deionized water, then divided into roots and shoots. Root and shoot length were measured, fresh root weight determined and 0.5g fresh root was collected for RNA extraction. The remaining root and shoot samples were divided equally and either oven-dried at 70℃ to a constant weight, or freeze-dried and stored at -20℃ prior to As species determination. 
RESULTS
Plant Growth in Different
Treatments. Root length and weight and shoot length were measured as plant growth parameters (Table 1 ). There were significant genotypic effects on root length (P<0.001), root weight (P<0.001) and shoot length (P<0.001) of rice plants, with the greatest value, 29.14 cm/plant, from genotype XFY-9 in Stagnant+AsⅢ treatment and lowest value, 19.3 cm/plant, from genotype SY-9586 with Stagnant+AsⅢ treatments. With the exception of genotype XWX-12, shoot length was not significantly affected by oxidative treatment (P>0.05). In addition, oxidative treatments had significant effects on root length (P<0.001) and root weight (P<0.05), being greatest for genotype XFY-9 in Stagnant+AsⅢ treatment and genotype XFY-9 in Stagnant+AsⅤ treatments ( Figure ? ). Additionally shoot length were smaller following arsenite treatments than with no As and arsenate treatments (P<0.05).
Arsenic Accumulation in Rice following Different Treatments. Arsenic was undetectable in plants grown in As-free treatments ( Table 2 ). Analysis of variance revealed significant genotypic effects on total As concentrations of rice roots (P<0.001) and shoots (P<0.001) in the same treatments. The hybrid genotypes (SY-9586 and XFY-9), with lower ROL, accumulated slightly greater As concentrations than indica genotypes (XWX-12 and XWX-17). Total As concentrations in rice roots were dramatically reduced following aeration treatments, (82.4 to 242.8 mg/kg) compared to stagnant treatments (142.9 to 265.4 mg/kg) (P<0.001). In addition, total As concentrations in rice shoots were not significantly different between aeration and stagnant treatments, but aeration treatments slightly reduced total As concentrations in shoots compared to stagnant treatments. Furthermore, As treatments had a significant effect on the total As concentrations of shoots (P<0.001), with higher As contents in arsenite treatments (23.4 to 76.9 mg/kg) compared to arsenate treatments (6.50 to 45.3 mg/kg).
Arsenic Species in Rice in Different Treatments. Methylated As species (MMA and DMA) were not detected in rice roots or shoots in any treatment (Figure 1 and 2). Regardless of arsenite or arsenate treatment, arsenite was the predominant As species in roots, accounting for 50% to 85% of extractable As (the sum of all As species), except for genotype XWX-12 grown with aeration in arsenite treatments.
Arsenate concentrations were undetectable in shoots, with only arsenite detected.
Results indicated that there were genotypic differences in arsenite accumulation in roots and shoots. There were no significant As treatment effects on As speciation in rice plants. Compared to stagnant treatments, aerated treatments slightly increased arsenate concentrations, but reduced arsenite concentrations in roots. In arsenate treatments especially, root arsenite concentrations in stagnant treatments were 1.5-2.5-fold higher than that in aerated treatments (Figure 1 ). Genotype XFY-9 in Stagnant+AsⅤ treatments contained greater arsenite concentrations (165.8 mg/kg), whilst genotype XWX-12 in Aeration+AsⅤ treatments contained the lowest arsenite concentrations (30.04 mg/kg). In addition, arsenite concentrations in shoots from stagnant treatments were 17% to 144% greater than that from aerated treatments (Figure 2, Figure 3 ). Arsenite concentrations ranged from 9.23 to 42.5 mg/kg in shoots, with lowest value found in genotype SY-9586 (Aeration+AsⅤ treatment) and greatest concentration in genotype XWX-17 (Stagnant+AsⅢ treatment). (Table 3 ). Furthermore, there were no significant genotypic differences on Lsi1 and Lsi2 expressions regardless of hybrid or conventional indica genotypes.
Arsenic Transportation Expression in Different
The relative abundance of phosphate transporter expressions also presented a trend of down-regulation in stagnant treatments compared to those that were aerated, especially significantly different for SY-9586, XWX-17, XWX-12 in inorganic phosphate transporter expressions, and XWX-17 in phosphate:H+ symporter family protein expression (P<0.05). Different As treatments did not exert a significant difference in phosphate transporter expressions (Table 3 ). Furthermore, there were no significant genotypic differences with phosphate transporter expressions regardless of hybrid or conventional indica genotypes.
DISSCUSSION
Root and shoot length and fresh root weight were significantly different between the four genotypes, which is in agreement with previous studies (Wu et al., 2012 (Wu et al., , 2015 2, 26 . However, variation between As treatments did not exert any significant difference in either root length or weigh, only in shoot length; to some extent arsenic treatments displayed decreasing effects, which was different to other studies (Marin et al., 1993; . 44, 45 However, addition of arsenate has not revealed any significant reductions in previous studies (Marin et al., 1993; Carbonell et al., 1998; Wu et al., 2015) , 2, 44, 46 possibly due to different growing conditions and genotypes. In addition, there were significant differences in fresh root length and weight between aerated and stagnant treatments; studies have revealed that improved aeration may enhance root growth (Comis1997 47 , Wu et al., 2012) 26 .
It was also revealed that genotypic effects significantly affected As concentrations in rice roots and shoots, which is in agreement with previous studies (Wu et al., 2012; Zhao et al., 2013) . 26, 30 In addition, there was no significant difference in As accumulation in rice roots between arsenite and arsenate treatments. Wu et al. 26 (2012) also showed that there was no significant difference between arsenite and arsenate treatments in As accumulation in rice roots. However, there was a significant difference in As accumulation in shoots between these two As treatments (P<0.001) and this may be due to different transportation mechanisms from root to shoot between arsenite and arsenate (Zhao et al., 2012) 48 . Aerated treatments showed significantly lower As accumulations in roots compared to stagnant treatments ( Table   2 ). Norton et al. 49 (2013) , showed that flooding conditions substantially increased grain As content. Hu et al. 50 Table 2 ). The reduction of As accumulation in higher ROL genotypes may due to the increased iron plaque formation which sequestered more As in iron plaque, reduced As transportation to rice roots, or oxidized rhizosphere arsenite species, and caused more As sorption in rhizosphere soils (Wu et al., 2012; Pan et al., 2014) 26, 29 .
It has been shown that AsV, AsIII, and DMA were the predominant As species detected in rhizosphere-soils and root-plaque, porewater and grain samples, 51 . Likewise, the concentration of inorganic As was 2.6-2.9 times greater in grain from flooded treatments than in those from aerobic treatments (Arao et al., 2009) 51 . The present study also demonstrated that arsenite and arsenate accumulation were both lower in rice roots and shoots in aerated soils than in stagnant conditions (Figure 1, 2) , especially for root iAs accumulation in arsenate treatments of genotypes XFY-9, XWX-17 and XWX-12, and for shoot iAs accumulation in arsenate treatments of SY-9586. Organic As species were undetectable in both roots and shoots, which is in agreement with other studies (Chen et al., 2012) 52 .
Zhao et al. 32 (2008) showed that OsNIP2;1 (Lsi1, a silicon influx transporter) is involved in arsenite uptake to root cells, while Lsi2 is involved in arsenite transport out of root cells towards the stele. However, the expression of Lsi2 in wild-type roots was abundant and not affected by arsenite exposure (Zhao et al., 2008) 32 , which is in agreement with present study ( Table 3 ). Expressions of Lsi1 and Lsi2 were also not affected by different As treatments. Meanwhile, mRNA expressions of Lsi1 and Lsi2 in the present study resulted in a significant down-regulation in aeratied treatments compared to stagnant treatments (Table 3) , which led to thereduction of total As and inorganic As in rice roots. Chen et al. 52 (2012) also found that mycorrhizal inoculation reduced Lsi1 and Lsi2 expression in rice roots.
The Pi transporter plays an important role in the Pi absorption of plant roots (Schachtman et al. 1998 ), 53 and arsenate and phosphate (P) share the same transporters in plants (Chen et al., 2013) . 38 The inorganic phosphate transporter and phosphate:H + symporter family protein were selected in this investigation as their expressions were up-regulated with low P stress in indica rice roots, which show potential for P transportation in indica rice (Li et al., 2010) . 43 In the present study, the Pi transporter expressions were significantly increased by aeration (Figure 3 ), providing a reduction in As accumulation in roots.At the same time, biomass of aerated treatments was also significantly increased ( Table 2 ). Chen et al. 38 (2013) found that the increased expression of Pi transporters led to significantly greater P concentrations and reduced arsenate concentrations in plant tissues and markedly enhanced plant biomass. It was also demonstrated that high sulfur (S) concentrations resulted in reduced transcript levels of Lsi2, and it is probable that low shoot As accumulation resulted from S application (Dixit et al., 2015) . 54 A possible reason for differences in transporter expressions (Figure 3 ) may be due to differences in stress effects (stagnant or aerated) on the signaling pathways, especially the transcriptional factors, which require further research. Shukla et al. 55 (2015) investigated natural variations in expression of regulatory and detoxification related genes under limiting phosphate and arsenate stress in Arabidopsis thaliana; differential regulation by transcription factors may be responsible for the natural variation in Arabidopsis in response to nutrient deficiency and As(V) stress. You and Chan 56 (2015) showed that plant cells following abiotic stress signals, such as heavy metals, transduce them through various signaling pathways including transcriptional factors. The regulation of gene expression by different transcription factors results in the expression of stress-responsive genes which confer tolerance to the environmental stress.
CONCLUSIONS
Arsenic contamination in rice has stimulated global concern due to risk of cancer formation. Understanding the mechanisms involved with As uptake in rice is critical for making practice strategies to mitigate health risks posed by As contamination. It is now known that in rice, arsenite and silicic (Si) acid, and arsenate and phosphate Results have demonstrated that oxidative treatments had significant effects on root length (P<0.001) and root weight (P<0.05) and there were significant genotypic effects on the total As concentrations of rice roots (P<0.001) and shoots (P<0.001) with the same treatments. Total As concentrations in rice roots were dramatically reduced in aerated treatments, with values being 82.4 to 242.8mg/kg compared to 142.9 to 265.4 mg/kg in stagnant treatments (P<0.001). Furthermore, As treatments had a significant effect on total As concentrations for shoots (P<0.001), with greater As contents in arsenite treatments compared to arsenate treatments. In arsenate treatments, root arsenite concentrations in stagnant treatments were 1.5-2.5-fold higher than that in aerated treatments. 
